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Abstract

The state-of-the-art of the ideas about the phase for-
mation in the electrodeposited metals used in medicine 
as coatings for instruments and various devices are con-
sidered. The developing concept of the phase formation in 
electrodeposited metals and alloys, based on the discov-
ered phenomenon of the electrochemical phase formation 
in metals and alloys via a supercooled liquid state stage is 
discussed. The purpose of this study was to further experi-
mental investigation of the phenomenon in point based on 
verification, analysis and modeling of the observed effect 
of plastic deformation of surface metal layers during their 
electrodeposition. Nickel having a nanocrystalline structure 
was chosen as a model electrodeposited metal; in the pro-
cess of electrochemical phase formation, its surface was 
mechanically acted upon by moving nickel particles. The 
surface morphology of the resulting deposits was studied 
by scanning electron microscopy using the secondary elec-
tron imaging mode. The study has confirmed experimental-
ly the appearance of deformation defects on the surface of 
metals in the course of their electrodeposition under exter-
nal force acting at an angle to the crystallization front. It has 
been shown that a weak contact action exerted by particles 
of a metal on the surface of the same solid metal, cannot 
lead to plastic deformation of its surface layers. It has been 
concluded that deformation defects shaped as bands, fur-
rows and plateaus arise due to the motion of solid metal 
particles over the still unsolidified surface of the metal that 
is in the process of electrodeposition. Mathematical models 
have been developed to model the motion of solid metal 
particles both in their oblique entry into the liquid surface 
of the electrodepositing metals and during their motion 
over the liquid surface of the electrodepositing metals, with 
the motion start in the horizontal plane. The findings serve 
as further evidence for the existence of the phenomenon of 
electrochemical phase formation in metals and alloys via a 
supercooled liquid state stage.

Keywords: Deformation defect; Electrodeposited nanocrystal-
line metal; Modeling; Surface morphology.

Introduction

Deposits of electrodeposited metals are widely used in med-
icine as coatings for instruments, various devices, products and 
equipment for medical purposes. Nickel, chromium, silver, gold, 
copper and tin deposits obtained on medical devices by the 
method of electrodeposition (i.e. electroplating) substantially 

increase their corrosion resistance, wear resistance, strength, 
and also improve their electrical and thermal conductivity char-
acteristics. Application of nanotechnology to create a nanocrys-
talline structure in deposits of electrodeposited metals provides 
a significant improvement in their properties.
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Purposeful control of the properties of electrodeposited 
metals is possible based on the insight into their phase forma-
tion. Relatively recently, we have proposed a new concept of 
the phase formation in electrodeposited metals and alloys, 
based on the discovered phenomenon of the electrochemical 
phase formation in metals and alloys via a supercooled liquid 
state stage [1]. According to the concept proposed, the electro-
chemical deposition of a metal or alloy onto a solid cathode in 
an aqueous medium occurs via the formation of a supercooled 
metallic liquid as a multitude of liquid clusters of atoms, de-
positing in an avalanche-like manner in various places near the 
cathode or growing deposit, and its superfast solidification at 
the deposition temperature.

It should be noted that the proposed concept is fundamen-
tally different from the existing concepts of the phase formation 
in electrodeposited metals and alloys [2-6]. According to these 
concepts, theoretically developed in recent publications [7-25], 
the phase formation in the material that is in the process of 
electrodeposition occurs by direct “incorporation” of ions from 
an aqueous solution or atoms, formed on its surface, into its 
crystal lattice. The existing concepts are far from answering the 
question of how the material ion, which is in the liquid phase 
with the amorphous structure of one substance (aqueous so-
lution), is directly “incorporated” into the crystal lattice of the 
solid phase of another substance (material in the course of elec-
trodeposition), and what phase transformations and structural 
changes occur during the process.

In recent years, a number of papers have been published 
(the most significant of them [26-32] are indexed by the Sco-
pus database), in which the validity of the proposed concept 
is experimentally proved. Over the past two years (2019-2020) 
seven such papers (indexed by the Scopus database) have been 
published [33-39] in favor of the proposed concept.

One of the results in favor of the proposed concept is the 
revealed plastic deformation of surface layers of metals, which 
are in the process of electrodeposition, by solid particles mov-
ing under the action of a weak external force [32]. It was ex-
perimentally established that a weak force applied at an angle 
to the crystallization front to a metal in the process of its elec-
trodeposition, leads to the appearance of plastic deformation 
bands on its surface. Such deformation bands result from the 
motion of already solidified particles over the surface of the still 
solidifying metal, when the particles simultaneously experience 
the force acting both parallel and perpendicular to the crystal-
lization front.

It was of interest to elucidate the morphological features 
of the detected deformation defects and to model the motion 
of solid particles over the surface of a metal solidifying in the 
course of electrochemical deposition. Therefore, the purpose of 
this study was to further experimental investigation of the phe-
nomenon in point based on verification, analysis and modeling 
of the observed effect of plastic deformation of surface metal 
layers during their electrodeposition.

Experimental

Nickel having a nanocrystalline structure was chosen as a 
model electrodeposited metal; in the process of electrochemi-
cal phase formation, its surface was mechanically acted upon 
by moving nickel particles. The choice of this metal was due to 
high values of hardness (up to 800 VHN [40]), featured by elec-
trodeposited nickel.

Nickel deposits were obtained from a sulfate electrolyte at 
a temperature of 25 °C and a current density of 1.0 A/dm2. The 
nickel current yield was 99.5 %, which is why the effect of hy-
drogen on the surface morphology of nickel deposits could be 
neglected. The surface morphology of the resulting deposits 
was studied by scanning electron microscopy (REM-106I) using 
the secondary electron imaging mode.

A weak external force was applied to nickel deposits in the 
course of electrodeposition, using a centrifugal plant and elec-
trochemical cells described in [31]. To apply the external force 
at an angle to the deposit crystallization front, the cathode was 
placed in the electrochemical cell at an angle to its axis. There-
fore, the external force did not act on the electrodeposited 
metal strictly perpendicular to the crystallization front, but at 
a certain angle to it. Centrifugal force proportional to overloads 
of 872g and 1256g was applied, which corresponds to the rotor 
angular speed of 2500 and 3000 min-1.

Results

Deformation bands should be considered the main type of 
deformation defects detected on the surface of the investigated 
nickel deposits (Figure 1). These bands appeared when nickel 
particles moved under the action of centrifugal force over the 
deposit surface being formed. A specific feature of these de-
fects was the fact that the bands passed through the body of 
grain aggregates, but not along their boundaries, which indi-
cated a deformation of the deposit surface layers, characteristic 
of a non-solid state.

If we assume that the deposit was in a solid state during the 
deformation, then the bands should be expected to have un-
even edges outlined by grain boundaries. However, Figure 1a 
shows that the bands have smooth, sharply defined edges, simi-
lar to the edges of defects arising in the process of deformation 
of a viscous non-solid material. Moreover, as seen from Figure 
1b, the inner edges of the band exhibit a non-crystalline nature 
of deformation, which is characteristic of the non-solid state.

Figure 1: SEM images of band deformation defects on the sur-
face of nickel deposits, electrodeposited under the action of ex-
ternal force proportional to an overload of 872g at an angle to the 
crystallization front.

(a)

(b)
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It should be noted that in the case of such deformation of 
the solid deposit, the so-called "deformation accordion" of the 
surface layers should form on its surface, which is characteristic 
of the final section of the band. However, Figure 1 indicates the 
absence of such formations behind the particle in the direction 
of its movement.

Figure 2 shows that with an increase in the overload, a char-
acteristic relief formed by protruding sections of the particle ap-
pears on the horizontal area of the band (Figure 2a). The occur-
rence of areas of solidified foam at the edges of the band should 
be considered another feature of the deformation bands that 
appeared under an increased overload due to the deformation 
effect on the solidifying metal (Figure 2b).

(a)

(b)

Figure 2: SEM images of the deformation defects shaped as 
bands on the surface of nickel deposits, electrodeposited under 
the action of external force proportional to an overload of 1256g 
at an angle to the crystallization front.

Furrows (Figure 3a) and plateaus (Figure 3b) should be con-
sidered other types of deformation defects that appeared on 
the surface of nickel deposits in the course of electrodeposition 
under an external force at an angle to the crystallization front. 
A defect shaped as a narrow elongated furrow appeared appar-
ently due to the contact action by the protrusion of a moving 
particle on the surface layer of nickel that was in the process of 
electrodeposition. Figure 3a clearly shows the smoothed side 
surface of the furrow, which can be explained in two ways: Ei-
ther it was formed by a material significantly exceeding nickel in 
hardness, or nickel, while electrodepositing, was in a non-solid 
state at the moment of its deformation by the nickel particle.

A large-area plateau formed on the surface of the nickel de-
posit by a whole ensemble of moving nickel particles suggests 
that the plastic deformation of the deposit occurred during the 
period of electrodeposition when the surface layer was in a 
non-crystalline state. Otherwise, we would have to admit that 

the hardness of the moving particles of the electrodeposited 
nickel was significantly higher than the hardness of the electro-
deposited nickel deposit. If we reject this statement as absurd, 
then we should admit that a still solidifying, but not solidified 
deposit was exposed to the deformation by nickel particles in 
the process of electrochemical deposition of nickel.

(a)

(b)

Figure 3: SEM images of deformation defects shaped as a fur-
row (a) or a plateau (b) on the surface of nickel deposits, electro-
deposited under the action of external force proportional to an 
overload of 872g at an angle to the crystallization front.

As follows from the data presented, a weak contact action 
upon the surface of a solid material by particles of the same ma-
terial could not lead to plastic deformation of its surface layers. 
Consequently, the obtained experimental results indicate that, 
in the process of electrochemical phase formation, metals and 
alloys pass an intermediate stage of liquid state.

Discussion

Hardness is known to be the property of the surface layer 
of a metal to resist plastic deformation induced by contact ac-
tion from another, harder body [41]. Therefore, in the absence 
of the intermediate stage of the liquid state in nickel while it is 
electrodepositing, nickel particles moving over the surface of 
the forming nickel deposit could not leave any traces of plastic 
deformation on its growing surface.

This is explained by the fact that the hardness of nickel sur-
face in the course of electrodeposition and of nickel particles in 
contact with it is absolutely the same. Moreover, the hardness 
of the nickel deposit is high enough to expect that deformation 
bands or furrows on its surface could be left by any by-products 
of electrochemical nickel deposition, which contact its surface.

On the other hand, stress required for the onset of plastic 
deformation of a material is estimated as the yield strength 
[41]. According to [42], the yield strength of nickel is 83 MPa. 
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Therefore, a compressive stress of not lower than 83 MPa 
should be expected in the surface layers of electrodepositing 
nickel to induce plastic deformation of solid nickel deposits by 
moving particles.

However, as shown in [31], even at the maximum value of the 
overload coefficient in the performed experiments (k = 1256), 
the stress created by the centrifugal force in the electrodeposit-
ing nickel deposits does not exceed 0.748  MPa. This stress is 
less than one percent of the above-mentioned yield strength of 
nickel, which is far from sufficient to induce plastic deformation 
of solid nickel deposits. Consequently, the occurrence of the de-
tected deformation defects on the surface of the investigated 
nickel deposits cannot be explained by plastic deformation of 
the nickel layers in the solid state.

In this regard, the detected plastic deformation of the sur-
face of the growing nickel deposit by nickel particles can be 
logically explained by the presence of an intermediate stage of 
the liquid state in nickel while it is electrodepositing. If this is 
the case, then previously solidified nickel particles could well 
leave deformation bands on the solidifying surface of the de-
posit while moving over it during electrodeposition under an 
external force directed at an angle to the crystallization front 
(Figure 1 and 2).

Again, if a cluster of solid particles moves over the surface of 
the still solidifying deposit, the surface layers may be smoothed 
out and form a plateau (Figure 3b). In addition, the furrows 
could be well left by solid nickel particles detached from the 
solidifying surface of the deposit when they come in contact 
with the still unsolidified surface during electrodeposition un-
der external force acting at an angle to the crystallization front 
(Figure 3a).

Modeling

Mathematical modeling was performed using differential 
equations of motion, which describes the law of conservation 
of momentum, and the equation of continuity, which describes 
the law of conservation of mass [43-45].

The equation of motion in vector form (regardless of the se-
lected coordinate system) has the following form

      →→↔
→

+⋅±







×∇+−∇=⋅ iFgP

Dt
VD ρσρ

,       (1)

where ρ is the density of the material; t is time; →V  is velocity 
vector of material motion; DtVD

→  is substantial derivative of the →V
vector; P∇  is the pressure gradient; ↔σ  is the stress tensor; 








×∇
↔
σ  

is a vector product of ∇vector by ↔σ  tensor; →g  is the free fall 
acceleration vector; →iF  is additional forces caused by different 
energy fields per unit volume; ∇ is a vector that has the form
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∂
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∂
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∂
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→→→
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where 
→

iδ  are unit vectors; ix  are coordinate axes (x, y, z).

The left-hand side of equation (1) is the inertial term of the 
equation of motion, that is, it is the product of acceleration and 
mass per unit volume. The right-hand side includes the follow-
ing terms: The first (after the equal sign) is a force exerted by 
pressure per unit volume; the second term is forces exerted by 

intermolecular transfer, also per unit volume; the third term is 
forces of gravity per unit volume (mass forces); the fourth term 
is the centrifugal force per unit volume.

The equation of continuity in vector form for an incompress-
ible fluid can be represented as follows

	 0=









⋅∇
→
V .	 (3)

To solve the differential equations in the obtained mathe-
matical models, we used the corresponding software product 
from the MathCAD package.

Given that the deformation defects found on the surface of 
electrodeposits could arise under the centrifugal force both as 
a result of an oblique entry of detached solid particles into the 
solidifying surface of the deposit with their subsequent motion, 
and as a result of the ordinary motion of particles over the de-
posit surface, we used two corresponding modeling options.

Modeling the motion of a solid metal particle in its oblique 
entry into the liquid surface of the electrodepositing metal

For brevity, we take the following terms: A solid metal par-
ticle - solid; the liquid surface of a metal that is in the process 
of electrodeposition - liquid medium. Then, according to the 
oblique entry pattern presented in Figure 4, the solid moves 
from position 1a at an angleβ  to the horizontal axis x. Entering 
the liquid medium 2 and contacting the metal substrate (or pre-
viously solidified layers) 3, the solid starts moving from position 
1b in the direction x. The LHS of the problem is to find the path 
traversed by solid 1 in liquid medium 2 (Figure 4).

Figure 4: Calculated schematic of oblique impact.

To construct a mathematical model, we will take into ac-
count only the x-component of the velocity in the equations 
of motion, and its change only along the coordinate x. We will 
neglect forces exerted by mass.

Then the equation of motion (1) for the Cartesian coordinate 
system in projections onto the axis x will have the form

c
xxx

x
x

l F
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x

VV
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∂
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+
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−=
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


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

∂
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⋅+

∂
∂

⋅
σ

ρ
,    (4)	

	 where lρ  is the density of the liquid medium; cF  is 
the centrifugal force, which can be determined from the ex-
pression

	 xFc ⋅⋅= 2ωρ ,	 (5)
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where ω  is the rotation frequency of the system under con-
sideration.

The solution of equation (4) will be sought taking into ac-
count the dependence for the velocity on the left-hand side of 
this equation in the form txVx ∂∂= .

The stress component xxσ  for a non-Newtonian (power-
law) fluid in the case of non-shear (longitudinal) motion can be 
represented as

	
x

V
x

V x
n

x
xx ∂

∂
⋅

∂
∂
⋅⋅=

−1

02 µσ ,	 (6)

where 0µ  is flow consistency coefficient; n is the power 
law index.

We express the pressure P  through the force of the me-
dium resistance to the penetration of solids FP −= , which 
in a general form can be determined from the expression

	 21 FFF += ,		 (7)

where 1F  is the force of dynamic resistance; 2F  is the force 
exerted by the viscosity of the medium.

The first component of the force is induced by the inertia of 
the medium particles and its value can be taken proportional 
to the square of the penetration rate. As for the second com-
ponent, it arises due to overcoming the friction between the 
medium particles and can be taken proportional to the penetra-
tion rate.

The components 1F  and 2F  are represented as follows
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where sρ  is the density of the solid; gk  is the geometric 
parameter of a solid, which is determined from the expression

	

g
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g V

Sk = ,		  (9)

where midS , gV  are the midsection area and volume of 
the solid, respectively.

Taking into account expressions (6) and (8), equation (4) in 
the stationary approximation can be written as follows (given 
the equal densities of the liquid medium in the process of so-
lidification and of the solid body, which have the same nature

ρρρ == sl )
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The solution of equation (10) using the mathematical pack-
age MathCAD under specified system parameters is shown in 
Figure 5.

It is easy to check that for the selected system parameters in 
a sufficiently wide range of their values, Eq. (10) can be replaced 
by a simpler equation, namely

	 ( )
2

2

2

1
1

dx
dV

Vndx
Vd x

x

x ⋅
⋅−

= .	       (11)

The solution of equation (11) is shown in Figure 6. In this 
case, the following parameters of the motion were taken: 
β = 100deg; Vx(0) = 0,016m/s; dVx(0)/dx = -5,671s−1; R = 40·10−6 
m; ρ = 8,8·103·kg/m3; µ0 = 103·Pa·mn; n = 0,16; ω = 10·s−1.

Figure 5: Flat graph of velocity xV distribution according to 
equation (10).

Figure 6: Flat graph of velocity xV distribution according to 
equation (11).

Equation (11), up to notations, coincides with the equation 
given in [46] 

2

2

2

dx
dya

dx
ydy ⋅=⋅

.	    (12)

The last two equations use the following relationships in the 
notation: xVy = ; ( )na −= 11 . Then the solution to Eq. (11) 
at 1≠a  will have the form

	
1

01
n

x CxCV +⋅= ,	 (13)

where nnn )1(1 −= .

The solution by formula (13) is shown in Figure 7.

Figure 7: Flat graph of velocity xV  distribution according to 
equation (13).

As can be seen from Figures 5-7, all the three models, name-
ly (10), (11) and (13), give the same results. Consequently, the 
simpler formula (13) is advisable to be used for the mathemati-
cal description of the motion of solid metal particles in their 
oblique entry into the liquid surface of electrodepositing met-
als.
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Modeling the motion of a solid metal particle over the liq-
uid surface of the electrodepositing metal, with the motion 
start in the horizontal plane

The above mathematical models describe the motion of a 
solid metal particle in its oblique entry into the liquid phase of 
the electrodepositing metal and its further motion over the sur-
face of the deposit. However, the formation of the described 
deformation defects is possible not only in the oblique entry of 
a particle into the liquid phase, but also during the usual rec-
tilinear motion of an already solidified particle along the still 
unsolidified surface of the deposit under an external force of 
various nature, for example, the centrifugal force.

In this case, due to the extremely uneven formation and 
growth of the deposit on the cathode surface, which is a well-
known fact [47], some particles, having passed into the solid 
state and being exposed to a force exceeding their adhesion 
to the still unsolidified deposit and directed at an angle to the 
crystallization front, start moving on the surface of the deposit. 
The motion of the particles begins in the horizontal plane with 
zero initial values of velocity and velocity gradients along the 
corresponding coordinate axes.

The equation of forces equilibrium, which in this case is 
equivalent to the equation of motion, can be presented as fol-
lows

	 cfrmc FFF =+ , 	(14)

where mcF  the forces of molecular transfer in the liquid are 
phase; frF  are the forces of frontal resistance when a solid 
moves in a liquid phase; cF  are centrifugal forces.

All the forces in equation (14) are taken per unit volume. The 
forces given on the left hand side of equation (14) can be deter-
mined by the following expressions

	 2

2
)(

dx
VdxF x

mc ⋅=η ;	 (15)

	 





 ⋅+⋅⋅= xg

x
gfr Vk

dx
dVkxF 2)(η . (16)

In the last two expressions, the value gk is found from equa-
tion (9), and the parameter )(xη  is the viscosity coefficient, 
which in the general case depends on time, but in this case we 
will express the dependence of the viscosity coefficient on the 
x coordinate. Then the functional dependence for the viscosity 
coefficient can be expressed by the following equation

	 







−⋅⋅=
β

ηη xx exp2)( 0 ,	 (17)

where 0η the initial is value of the viscosity coefficient; β  
is the growth rate of the viscosity coefficient.

For centrifugal force, expression (5) will be true.

Substituting the corresponding expressions into equation 
(14) and getting rid of the coefficients for the highest derivative 
of the velocity xV , we obtain the following second-order differ-
ential equation


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
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where gka = , 2
gkb = , 

0

2

2 η
ωρ
⋅
⋅

=d .

The solution of equation (18) is shown in Figure 8 and found 
using the mathematical package MathCAD with the following 
parameters: 1210 −= sω ; 38620 mkg⋅=ρ ;
 mRmid

61040 −⋅= sPa ⋅⋅= 100η ; m3103 −⋅=β ; . 
Solution results were obtained using the rkfixed function.

Figure 8: Graphs of velocity distribution with the motion start-
ing in the horizontal plane; the graphs were obtained in the inter-

val: x = 0..0.025 m (а); х = 0..5.10−4 m (b).

(a)

(b)

It should be noted that equation (18) is the equation of forced 
oscillations [46]. The solution to this equation can be obtained 
in an analytical form. Here, in the general case, three versions 
of the homogeneous equation are valid: (а) ba ⋅−= 422λ
>0; (b) 22 4 ab −⋅=λ >0; (c) 24 ab =⋅ .

If we take the parameters graphically represented in Figure 
8 as initial data, then option (b) will be valid, for which we have.

292 10055.14 −⋅=−⋅ mab  Then the solution of the ho-
mogeneous equation can be written as
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The homogeneous equation (19) should be supplemented 
with the solution of the inhomogeneous equation in the form

( ) ( ) ψψλψ
β
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,   (20)

Finally, after determining the constants of integration, taking 
into account zero initial conditions, and after the corresponding 
transformations, we obtain the following equation for the func-
tional dependence of the velocity on the coordinate x  and the 
growth rate of the viscosity coefficient β


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where ; ( )2222244
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βλββ
β
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=
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( ) ( )2sin2sin 2222 xxkg ⋅⋅⋅−⋅⋅⋅+ λβλλβ

The solution results are shown in Figure 9; the graphs pre-
sented were obtained with the following general parameters: 
ω = 1000·1/s; ρ = 1000·kg/m3; Rmid = 40·m; η0  10·Pa·s.

Figure 9: Graphs of the velocity distribution with the motion 
start in the horizontal plane; the graphs were obtained by the for-
mula (21) at varied values of the growth rate of the viscosity coef-
ficient: 1 – β= 0,003m; 2 – β= 0,002m; 3 - β= 0,001m.

Comparison of the graphs in Figure 8a and Figure 9 (curve 
1) showed their complete coincidence. Therefore, formula (21) 
can be used for calculations that model the motion of solid met-
al particles over the liquid surface of electrodepositing metals 
with the motion start in the horizontal plane.

Conclusions

The study has confirmed experimentally the appearance of de-
formation defects on the surface of metals in the course of their 
electrodeposition under external force acting at an angle to the 
crystallization front. It has been shown that a weak contact ac-
tion exerted by particles of a metal on the surface of the same 
solid metal, cannot lead to plastic deformation of its surface 
layers. It has been concluded that deformation defects shaped 
as bands, furrows and plateaus arise due to the motion of solid 
metal particles over the still unsolidified surface of the metal that 
is in the process of electrodeposition. Mathematical models have 
been developed to model the motion of solid metal particles 
both in their oblique entry into the liquid surface of the elec-
trodepositing metals and during their motion over the liquid 
surface of the electrodepositing metals, with the motion start 
in the horizontal plane. The obtained experimental results in 
combination with the performed modeling indicate that in the 

process of electrochemical phase formation, metals and alloys 
pass an intermediate stage of the liquid state.
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